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Abstract—In this paper, we address a power-efficient resource of users. [7] proposes an opportunistic algorithm to alleche

allocation problem in virtualized wireless networks (VWNS) using
non-orthogonal multiple access (NOMA). In this set-up, there-
sources of one base station (BS) are shared among differergrsice
providers (slices), where the minimum reserved rate is condered
for each slice for guaranteeing their isolation. The formuated
resource allocation problem aiming to minimize the total trmansmit
power subject to the isolation constraints is hon-convex ahsuffers
from high computational complexity. By applying complemertary
geometric programming (CGP) to convert the non-convex prokem
into the convex form, we develop an efficient iterative apprach
with low computational complexity to solve the proposed prblem.
lllustrative simulation results on the performance evaludion of
VWN using OFDMA and NOMA indicate significant performance
improvement in the VWN when NOMA is used.

Index Terms—Complementary geometric  programming,
NOMA, 5G, next generation wireless network, resource
allocation, virtualized wireless networks.

|. INTRODUCTION

resources to virtual operators. [8] investigates the aidggs of
full-duplex transmission relay in VWN. [9] studies the effe

of deploying a large number of antennas in VWN to improve
the total performance. However, more spectrum efficient ap-
proaches are required in a VWN due to the challenges in
providing the isolation among slices.

Non-orthogonal multiple access (NOMA) has been recently
introduced as an effective approach to increase spectrfim ef
ciency and provide massive connectivity [10], [11]. Conguhr
to the existing multiple access techniques such as OFDMa&, vi
NOMA, users share the entire spectrum and are rather afidcat
different power allocation coefficients. Since the userarsh
the time and frequency resources, sophisticated techsifqpue
decoding the superimposed signal need to be implemented
at the receiver. By implementing successive interfererase c
cellation (SIC), the receiver iteratively subtracts thesgjest
signal from the superimposed signal and decodes the intende

The current trend of the increasing demand for higher daggnal [12]. In contrast, in OFDMA, the users are allocated

rates has led to the crunch of the available spectrum in egsel different sub-carriers, which effectively removes inézeince
networks. Moreover, the wireless service providers face among users by exclusive sub-carrier allocation within l& ce
challenge in reducing the operational costs of the wirele$fie important question in this scenario is whether NOMA can
infrastructure. As such, various techniques such as massiviprove the spectrum efficiency compared to OFDMA. There
MIMO, virtualization, non-orthogonal multiple access kavhas been a significant research interest in this context. For
been envisioned for the next generation of wireless networkinstance, [13] compares the system level performance of the
order to address these challenge [1]. Virtualization ofeleiss NOMA scheme with different mechanisms for power allocation
networks is a promising technique, in which the physicakwir including the user grouping based on their channel gains and
less infrastructure is shared among multiple service plergi equal power allocation to all users. The authors propose a
(SPs), also called slices [2]. Aiming to increase the sp@cttr sub-optimal power allocation scheme called fractionaigrait
and infrastructure efficiency, the main issue in a virtuaiz power allocation (FTPA) that is similar to the transmission
wireless network (VWN) is to prevent the harmful effectpower control mechanism in LTE. Similarly, [14] analyzes th
of users of one slice to the users of other slices, which performance of NOMA compared to OFDMA for the cellular
captured by the concept of isolation among slices. To gueeanup-link setup. The optimization problem of this work inchsd
the quality of service (QoS) requirements of users of eade minimum required throughput of each user as a constraint
slice, different forms of static and dynamic resource atmn It has been shown that the performance of the system in
have been proposed [3] - [4], calling for an efficient reseurche cell-edge is significantly improved in the case of NOMA
allocation algorithm. compared to OFDMA. Similarly, [15] proposes an enhanced
For instance, in [5], interactions among slices, netwonroportional fairness scheme based on NOMA and shows the
operator, and users are studied by an auction. A novel admissmprovement of cell throughput by up to 28% compared to
control policy is proposed in [6] by considering the chann€@FDMA scheme. In [16], a power allocation problem for
state information (CSI) of users in each slice to supporQQb& the downlink transmission of NOMA system is formulated



and solved by applying difference of convex functions (DQjancellation (SIC), the usdt,, with indexi, can successively
programming. In order to develop the proposed algorithra, themove the interference of all useys# i if j < i, at sub-
greedy user selection approach is used to assign users o saloriern. For the rest of the users, i.e., users with indiges,
carriers, and then, DC approximation is applied to allocatke interference cannot be removed. Consequently, thésegce

power for each user. SINR at the usek:, with indexi at the sub-channel, is given
In this paper, we investigate the use of NOMA in the VWN tdy
improve the network performance in terms of power efficiency 'y
N A . . NOMA Binhin
The objective is to minimize the total transmit power in a VWN Yinm T ) )7e ) (2)
while maintaining the minimum required capacity for each 0% +hin ) ses Zj:i+1 Bin

slice. Since the original problem is non-convex and computahereg; ,, is the power allocation coefficient for the user at the
tionally intractable, we use the approach of complemer@ay ;™ index and sub-carrien. Moreover,o? is the noise power,

ometric programming (CGPA) and arithmetic-geometric meathich is assumed to be equal for all users. The rate of kiser
inequality (AGMA) to convert it into an efficient algorithmi 7],  with index i, at the sub-carrien is
[18]. The simulation results demonstrate that NOMA is more

NOMA __ _ NOMA
power-efficient than OFDMA in various scenarios. Specifical Ry m = Rin =logy(1+7 ) 3)
the power efficiency is improved by up to 45-54% with NOMA o Binhin
d to OFDMA =logy (1473 K
as compared to . 02+ hin Y ses Soieiit Bim

The rest of this paper is organized as follows. In Section | ) ) o
the system model and problem formulation are discussed. sEéCf:S slices < S in the VWN has a minimum reserved rate
tion 11l explains the proposed algorithm for both NOMA and’ £ in order to support the QoS requirement of the users,
OFDMA. Section IV presents the simulation results followeNich can be expressed as

by the conclusion in Section V. C1: Z Z RNOMA > RISV vys e .

II. SYSTEM MODEL ks€Ks neN

Consider the downlink transmission of a VWN with a singl@- OFDMA
base station (BS) that serves a set of slices (i9,, in
which each slices € 5 has its own set of USErs d?nOteqrequency is divided into» € N sub-carriers and ify, ,, is
by KCs. The total number of users in the system is given b{ . S

. . . . e sub-carrier allocation indicator for the sub-carnieand
K = ) . s K, To provide the isolation among slices, the L
s€ o . .userk, in slices € S, then
VWN should preserve a minimum required rate per each slice

s, denoted byR">". We consider the following two transmission {
Qk,on =

We consider an OFDMA system where the total available

1, if sub-carriern is allocated to usek;,

modes for the VWN: 0, otherwise

« Non-orthogonal multiple access (NOMA) where the wholeD he OFDMA lusi b : . h
frequency band of interest is shared among users, ue to the exclusive sub-carrier assignment, we have

« Orthogonal frequency division multiple access (OFDMA?1 constraint Onx, r, as
where the specific bandwidth is divided into a set of c2: ZZ% L <1, VYneN.
sub-carriers denoted hy/ and each sub-carrier can be e

Vs Vks

gllocated oa maxmum of one user at a time. L The received SINR at the usgg at sub-carriem € A and in
In this paper, our focus is to compare the power efficiency %ﬁces cSis
these two approaches for our system model. We assume that
the bandwidthB is divided into a set of sub-carriets = VJSSFBMA - P’C”igk”’ (4)
{1,--- N}, and the channel gain from the BS to the ukgin ’ g
slice s and in sub-carrier, is Hence, the rate of usdr, at sub-carrien is

Rty = Xiamdip @) RYFOMA — ay, Tog, (1 +7p70MA). (5)

where x.. ,, is the fading coefficientd;,, > 0 is the distance In this case, the minimum reserved rate of each slice is
of the userk; € K, to the BS normalized to the cell radius'epresented as

and \ is the path loss exponent. c3: Z Z R?EEMA >R Vse S,
A. NOMA ks€Ks neN

When the BS applies NOMA for downlink transmission Consider3 = [34,...,3s] as the vector of power alloca-
to users, first, all users are indexed based on their chantieh coefficients of all users in all slices in NOMA, where
gains in an increasing order such #s ,| < |hon| < Bs = [ﬁks]kfigl and By, = [Br.1, Bk, n|, respectively.

-+ < |hgnl,¥Yn € N. By developing successive interferenc&imilarly, for the OFDMA case, the power allocation vectér o



the system can be represented Ras= [ph .-+, Pg], where Algorithm 1 : Iterative Algorithm Based on CGP for NOMA

Ps = [Ps, ]kil and P,, = [Py, 1, -, Ps, n]. Also, the Initialization: Sett; = 1, 8(t1) = [1], wherel is a vector
sub-carrier allocation vector of the system can be reptedenC'* ¥,
asa = [ay,...,as], wherea, = [y, ]52, and oy, = Repeat:
[ 1y Qe N Step 1:Updates; ,,(t1), gjn(t1), 750 (t1), @ndz; ,, (1) from
Now, for the case of NOMA, the optimization problem tq11)-(14),
minimize the total transmit power can be expressed as Step 2:Find optimal3*(¢1) from (15) via CVX [23],
| until: [18%(t1) = 8" (t2 — 1)|| < &1
m,én ZSES ZkSEICs ZnEN ﬁks’n’ (6)

subject to : CL . ~
subject to approximated as‘%,’;‘gr“{"\ = logQ(xifﬁ(tl)) wherez; ,,(t1), for

For the case of OFDMA, the corresponding resource allogatiall ¢, is given by,

problem is
xi,n(tl U + h?, n B s )7Si'n(t1) X

mln ZSGS Zk €Xs ZnGN ks nPk i (7) ;];—1 " )

subJect to: C2—C3 K hinBin(t1) —gj,n(t1) Bim(t1)him —rin(t1)
The proposed algorithm to solve the optimization problem v 31_[—i+1( Gjn(t1) ) ( Tin(t1) ) ’
is described in the subsequent section for both NOMA and (10)
OFDMA schemes.

where for alli andn € N,
IIl. PROPOSEDALGORITHM o2
The formulated optimization problems for both cases of sin(t1) = Zim(t1) (11)

NOMA and OFDMA in (6) and (7) are non-convex and solving Byn(ts — 1)h;
them is challenging. To develop an efficient algorithm toveol gjm(ty) = 2L - 2 (12)
(6), we deploy an iterative framework of successive conyex a zin(f1)
proximation, in which the non-convex function is transfewn Fim(ty) = M, (13)
into a convex one in each iteration. For this transformation ' Zim(t1)
we apply the complementary geometric programming (CGP)  z;.,(t1) = (14)

and variable relaxation to convert (6) into the geometric- pr

gramming (GP) formulation. We refer the interested readers o2 + h;, Z Z Bin(ti — 1)+ hinfBin(ti —1).

for the background of CGP to [19]-[21]. For (7), we apply the sES j=i+1

relaxation technique to convert binary variables into tardus Considering (10)-(14), the optimization problem (6) at-ite

ones. Then we use Lagrange dual function which has begfh,; s approximated to the following convex optimization
widely utilized for solving OFDMA-based resource allocati

problem
problems [6], [22].

A. lterative Algorithm for NOMA-based Resource Allocation min Z Z Bin(t1) (15)

B(t
ConsideringR)OMA = log, (1 + 1o VA) as At i
subject to: (10)- (14)

HNOMA rsv
Rks,n - (8) H H Ii,n(tl) < 2(7R5 ), Vs € S.
o (0 +hlnzsesz;] ix1 Bin + Binh “Z) i€S nEN
82 0%+ hindes ZJ i1 Bin The overall iterative algorithm to solve (6) based on thevesn

function (15) is presented in Algorithm 1.

B. Dual Approach for OFDMA-based Resource Allocation

0'2 + hz n K_ I,mn
IT 11 ( i Zsif L1 B > (9)  Since (7) involves binary variables, we first relaxa,, ,,
02 + hi,n ZSGS Zj:iJrl ﬁj,n + Bi,nhi,n

From the above, C1 can be rewritten as

i€, neEN [0,1],Vks € K, Vs € S,¥n € N. Now, by considering
< 2(=E) Vs e S. Yk m = Ok, n Pk, n, the total rate of OFDMA can be rewritten
N as [6], [22],
To apply the CGP, considér as the iteration number. In each N L
iteration ¢;, the non-convex function should be approximated RYFPMA(a,y) = ay,, 1 logy (1 + yk"ik;) (16)
to its convex counterpart. Based on the structurefzfPM”, 7 ks @

we can apply AGMA approximation to propose the monomidlote that the above expression belongs to a class of convex
approximation ofRNOMA. At iteration ¢, R)OMA can be functions with the format off(a,b) = alog(l + b/a) [24].
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Therefore, C3 can be written as 40 ‘ ‘ ‘
- B —&— NOMA, R™ = 1 bps/Hz
C3: > Y RYFM(a,y) >R, VseS.  (17) 35 , |- e-0FDMA, R™ = 1 bpsiHz
ks€Ks neN @ —6— NOMA, R™" = 2 bps/Hz
Consequently, (7) can be written as i A e * - o= * = OFDMA, R™ =2 bps/Hz |
g _______ o _ | TETNOMA, R = 4 bps/Hz
min ZSGS ste/cs ZHGN Yko,ns (18) = - ® - OFDMA, R™ = 4 bps/Hz
’ - £
subject to: @, C3. %
Proposition 1: Problem (18) is convex and can be solve &
using the Lagrange dual method. [6] P
Proof. See Appendix A. O
To solve the convex problem (18), thg |ter§t|ve algorithr . 6 8 10 12 14 16
based on the dual function can be applied with a low cor Users, K
putational complexity as demonstrated in [6], [22] which is
summarized in Algorithm 2. Fig. 3. Total transmit power versus

IV. SIMULATION RESULTS

To study the performance of the proposed algorithm fdoth cases. It is because the BS needs to transmit at a higher
NOMA and compare it with the OFDMA scheme, we simulatéfansmit power to satisfy the minimum reserved rate peeslic
a scenario of a VWN with a single BS serving two slices eadfiowever, the total transmit power in the case of OFDMA is
with K, = 8 users, wherek = Zses K, and RS = R higher than that in the case of NOMA, indicating that NOMA
for all s € S. The users are randomly located (from a uniforris more power efficient that OFDMA. Specifically, the total
distribution) within the whole area of interest unless otfise transmit power has been decreased by almost 45% from 22
stated. The total number of sub-carriers is taken tdvbe 64. dB to almost 12 dB af?®’ = 1 bps/Hz and by 54% from 33
The channel gains are derived according to the RayleigingadidB to 15 dB atR™¥ = 5 bps/Hz, respectively, with NOMA as
model. More specificallyfiy, , = X;Cmnd,;A where\ = 3 is compared to OFDMA.
the path loss exponenty,, > 0 is the distance between the In Fig. 2, the total transmit power versdss plotted for both
BS and usert; normalized to the cell radius, ang,_ is the NOMA and OFDMA forK = 12 andR®¥ = 1 bps/Hz Vs € S.
exponential random variable with mean bf The results are As expected, the total transmit power increases with irsinga
taken over the average of 100 different channel realization the number of slices due to the rate reservation constraint p
In Fig. 1, the total transmit power versi&’ is depicted for each slice. However, the total transmit power for OFDMA is
both NOMA and OFDMA schemes. From Fig. 1, it is cleasignificantly higher than the NOMA which demonstrates the
that the total transmit power increases with increadiij for power efficiency achieved via NOMA.



AGMA approximation to propose the computationally tratdab

50 ; : ; iterative algorithm. Via simulation results, we investigg
—¥— NOMA, cell-center . . .

48| _g— OFDMA, cell—center 1 the performance of the algorithm and compared it with the
o 46| =*=NOMA, cell-edge o OFDMA scheme. Simulation results reveal that the proposed
T 44| ~A-' OFDMA, cell-edge algorithm outperforms the OFDMA in terms of the required
o transmit power, specifically when most of users are located
2 42t . . T
g near the cell-edge and there is a diverse variation in thereia
= 4o conditions. In a practical VWN deployment, the coveragerof a
@ 38 area is provided by multiple BSs. Consequently, investigat
g 361 the power efficiency of NOMA in multi-cell scenario is of
8 34l interest, which remains as a future work of this paper.
S 4

7
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A. Proof of Proposition 1
Fig. 4. Total transmit power versu’"™" for cell-edge and cell-center users

In (16), Ry n(c,y) is of the form f(a,b) = alog(1 + b/a)
Fig. 3 plots the total transmit power versis for different which is a convex function and can be solved by the Lagrangian

R"SV. From Fig. 3 and as expected from the multi-user diversiﬂ)ethOd [24]. _ _ _
gain [25], it can be observed that the total transmit power The corresponding Lagrange function for (18) is

decreases with increasing for a fixed R™V. Also, similar to rsv
: P . ! ) L sy Vns Y = 5,1 s RS - 19
Fig. 1, it is clear that the total transmit power is an inciegs (6s,vm,¥, @) Z Ykom + Z % (19)

Vs,Vks,Vn Vs
function of R™Y, while it is higher in the case of OFDMA as L
OFDMA
compared to NOMA. SR 43 n, (D0 ko — 1),
In Fig. 4, we study the effect of NOMA with non-uniform Vks.n vn s ks

user distribution over the VWN for two scenarios, where iwhere¢,,Vs € S andv,,¥n € N are the Lagrange variables
the first scenario, users are located close to the cell-gémte associated taC1 and @, respectively. Considering and v
the normalized distancel,, < [0.1,0.7] and in the second as the vectors of the Lagrange variablesdgrandv,,, Vs, Vn,
scenario, the users are located close to the cell boundary, iespectively, the dual function for (19) is, [24]

di. € [0.8,1]. Fig. 4 shows the total transmit power versus .

R™ for both OFDMA and NOMA. Based on the results in D(¢,v) = minL(¢,v,y, ). (20)
Fig. 4, the total transmit power with OFDMA is more than in]_

the case of NOMA for both scenarios. Also, with increasmghus’ the dual problem can be written as

R'®Y, the total transmit power sharply increases for OFDMA max D(¢, V) (22)
as compared to that for NOMA, e.g., f&®>¥ > 3 bps/Hz. "’"’_
More importantly, via OFDMA, for the cell-edge scenario, subject to:¢ > 0 & v > 0.

there is no solution for the resource allocation problem fefjnce problem (18) is convex, the duality gap is zero and éenc
I's 1 . . .

RSY > 3 bps/Hz. However NOMA can reach the feasiblgne solution of the dual problem is equal to the solution @f th

solution by increasing the transmit power. This indicates tprimal problem [24]. Hence, by applying KKT conditions, the

effectiveness of NOMA in achieving higher energy efficiencytimal power allocation for usek, in slice s and sub-carrier
while preserving the isolation based constraints of theeslin ;o P is
g leony s,n?

the VWN.

V. CONCLUSION P .= [ , (22)
In this paper, we investigated the power efficiency perfor-

mance of NOMA compared to OFDMA for a virtualized wire-where,[z];, = max{min{z, b}, a}. Also, the optimal sub-carrier
less network (VWN). In particular, we formulated an optieiz allocation,a;, ., is
tion problem with the objective to minimize the transmit ow

while supporting the minimum reserved rate per each slice to Tan
ensure effective isolation among users in the slices. Sinee ay =1 ¢€10,1], w =0 (23)
resource allocation problem is non-convex and suffers from ’ 8(£(¢:f/:,y,a)) -0

high computational complexity, we developed the CGP and Carm ’

¢ 0,2 :|Pmax
s

IN2)  hinl,

0 AL (e vnyc)) _



Algorithm 2 : OFDMA

Initialization: Sett, = 1, a(t2) = [1], wherel is a vector
CYENpr o nlta) = 1,Vks € Kq,V¥s € S,Vn € N, 7
5000.
Repeat:
Step 1:Updateg,(t2 + 1) = [¢s(t1) + 6¢S§Tfs]+,Vs es.
Step 2: Repeat:Set inner loop iteration index ag = 1.
Step 2a:UpdateP; | (t3),Vks € Ks,Vn € N, from (22),
Step 2b: Find py, . (t3) from (24) and setvy, ,,(t3) =
1,if pr.n(ts) = max|pg, n], Vks € Ks,Vs € S,
Until [|P(t3) — P(t3 — 1)]| < 2.
until: ||¢s(t2) — ¢s(te — 1)|| < eq, Or to > 52

El

[10]

[11]

[12]

[13]

[14]

where, (1]

a(‘c((bsa Un,Y,

"
30%5’”

— ¢s <log2(1 + Vo) —

)

[16]

Vks,m

_ IRem v S [17]
1 ws,n)m(z)) e

and v, n = % Now, from the KKT conditions, we [18]
have .
Vks,n [19]
Pksn = (bs |:10g 1+ Vksn) — +:| ,\V/S c S.
) = T, ) 20

(24)

To satisfy the OFDMA exclusive sub-carrier allocatiarf, ,,  [21]
is chosen such thaty, , is maximum [26], mathematlcally
represented as 2

!
1, k= maxvk, ek, vses
!
0, ky#K.

The overall algorithm is described in Algorithm 2.

OL(bs,vn Y,x))

"
Baksyn

(23]

= (25)

ks,n

[24]

[25]
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